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Abstract: Achieving Net zero emissions is a common challenge facing all mankind. Low-carbon
electricity has always been the main research field of global GHG emission control. The current
article aims to use the bibliometric analysis to describe the characteristics and trends of low-carbon
electricity publications from 1983 to 2021. We found that: (1) the number of publications in this area
has shown an overall increase in the past 33 years. (2) the United States is the most powerful country
in this field of research. Moreover, with the exception of major developed countries, more and more
emerging economies have also joined the research on low-carbon power systems. (3) co-citation
analysis and literature clustering characteristics show that the knowledge base in this field is focused
on the decomposition of driving factors for carbon dioxide emissions and the optimization of the
operation of renewable energy (RE) in low-carbon power systems. (4) the utilization of RE is a hot
topic in low-carbon power research. Through this research, global scholars can be provided with the
latest overview of valuable low-carbon energy research trends.

Keywords: low-carbon power; renewable energy; electrical energy storage; bibliometric analysis

1. Introduction

Slowing down the steady increase of global warming is a common challenge for
nations across the world. More and more countries are strengthening their Nationally
Determined Contribution by setting carbon neutralization targets. The target of the Paris
Agreement, for example, is to “limit the increase in the global average temperature to less
than 2 ◦C above pre-industrial levels and strive to limit the increase in temperature to
1.5 ◦C above pre-industrial levels” [1]. The energy production and utilization industry is
the world’s biggest source of greenhouse gas (GHG) emissions. According to the BP world
energy report, the power supply industry, especially fossil fuel power plants, is responsible
for more than a third of global carbon dioxide (CO2) emissions. Such power stations
account for 64.2% of the world’s electricity, and more than 70% of China’s energy supply.
Moreover, the International Energy Agency points out that the path toward controlling
the global temperature at 1.5 ◦C and 2 ◦C shows that CO2 emission control in energy
production would play an extremely important role in accomplishing the 2030 and 2050
climate goals [2]. Therefore, reducing the energy production sector’s dependence on fossil
fuels, expanding the ratio of renewable energy (RE) in primary energy consumption, and
comprehensively considering the problem of power system adjustment brought by the
low-carbon operation of the power sector have become key in accomplishing the global
Net zero emission goal by the middle of this century [3].
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Research on the power supply industry and carbon emissions can be traced back
to the 1980s. Reister et al. [4] constructed a long-term global energy economic model to
assess the problem of CO2 emissions from fossil fuels used in energy systems. Subse-
quently, scholars from the United States, the United Kingdom, the Netherlands, China, and
other countries conducted many studies on the carbon emissions resultant from energy
production activities from the perspectives of CO2 emission assessments and possible
substitution with RE [5–8]. In 2003, a low-carbon economy was proposed for the first time
in the Energy white paper 2003: our energy future—creating a low carbon economy of the British
government. With the acceleration of global warming due to industrial activities, countries
around the world started re-examining the urgency and arduousness of curbing climate
change. More and more literature started focusing on the topics of energy efficiency and
the advancement of low-carbon energy systems [9,10]. In the energy production sector,
reducing CO2 is addressed from a technical perspective and the following directions are
proposed: (1) improving the thermal conversion efficiency of fossil fuels; (2) developing
an alternative to use non-fossil fuels; (3) CO2 capture and storage (CCS); (4) using RE
or nuclear energy [11–13]. These studies focused on finding solutions to eliminate the
negative effects of climate change generated by CO2 emissions from different areas of
concern.

In recent years, the world’s major developed countries and some developing countries
have put forward Nationally Determined Contributions to control GHG emissions. In 2019,
the British government legislated to achieve the Net zero emission target by 2050, and the
specific policies included continuing to expand the share of low-carbon electricity supply.
The UK has thus become the first country in the world’s major economies to establish
this goal in legal form [14]. In 2019, Germany passed the Climate Protection Act, which
for the first time legally determined that Germany would achieve Net zero emissions in
2050 [15]. China promised the world at the UN General Assembly in 2020 that it would
strive to achieve the 2060 carbon neutralization target and would take effective measures
to make the country’s total carbon emissions peak by 2030 [16]. National level to control
the emissions of greenhouse gases put forward the higher strategic goals, which is also
reflected in the research trend of low-carbon power growth, the operation, and utilization
efficiency of intermittent RE represented by solar and wind energy in the transformation
of low-carbon power, and the economic, social, and technical feasibility study of power
storage technology to guarantee the stability of power system operation. The construction
of carbon trading market and the function of carbon tax policy in promoting the adjustment
of energy structure has become a new research hotspot. It can be said that the global
low-carbon power development research is moving towards the new goal of achieving
global Net zero emissions.

At present, research perspectives related to low-carbon power development tend to
be more diversified. In the context of sustainable development, research assumptions are
made on economic growth, technological development, and lifestyle change, which are
closely related to low-carbon power. For previous literature review articles, it is a challenge
to effectively sort out the development trends and research frontiers in the research field,
and to carry out quantitative analysis, especially for low-carbon power, an interdisciplinary
research field that covers environmental science, energy science, and economics, especially
the hot research area where the number of publications has expanded fast. With the help of
bibliometric analysis methods, it is necessary to comprehensively and quantitatively review
the progress of global low-carbon energy research and look forward to the frontier research
trend, which will help scholars to make wise decisions on the focus of future research.

Under this background, through the method of bibliometric analysis, this paper
comprehensively combs the literature related to low-carbon power collected on Scopus
from 1983 to 2021, and visualized the development of the research literature in this field
with the help of CiteSpace software. specifically, it expounds the characteristics of published
publications from the fundamental features of the number of documents published and
the three levels of the country, the publishing institution, and the author. In this paper,
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the research direction is analyzed by using the co-citation relation of literature and the
occurrence frequency of key words. With a view to providing an up-to-date overview of
global low-carbon energy research trends for researchers through the bibliometric research
results.

The rest of the structure of the current study is organized as follows: Section 2 intro-
duces the bibliometrics research methods, and introduces the data collection strategy and
CiteSpace software. Section 3, starting from the statistical analysis of literature publication
data, makes a detailed analysis of the publication characteristics from the macro (national),
meso (journals), and micro (author) three levels. In Section 4, through co-citation analy-
sis and keyword occurrence frequency, the knowledge base and the evolution trend of
research hotspots in this field are analyzed. Section 5, the conclusion part, we summarize
the main findings and summarize the limitations of the current study and future research
recommendations.

2. Methods and Data Collection
2.1. Bibliometric Analysis

Bibliometrics are widely used in the quantitative analysis of scientific publications.
It is an effective literature analysis method based on the identification of publications in
a specific subject area [17]. Recent years saw a continuous improvement in the functions
of visual literature analysis software, represented by CiteSpace and VOS viewer, as well
as improvements of data quality in large citation databases. Therefore, the method of
bibliometric analysis is being applied more and more. Bibliometric analyses have the
following advantages:

• Quantitative analysis of target documents, objective measurement of research influ-
ence, and visual presentation with the help of visual graphs;

• Realizing the comparative analysis of large data sets;
• Analyses are scalable and can be performed at different levels of micro (author), meso

(journal, institution), and macro (national) data sets [18,19].

Although some researchers have tried to use bibliometric analysis to study and analyze
the research area of low-carbon energy, Wang et al. [20] adopted the bibliometric approach
to analyze the characteristics of the literature on power system decarbonization from
1990 to 2016. Moreover, Yu et al. [21] investigated publications on low-carbon technology
investment by using bibliometrics. However, due to the subtle differences in research
periods and topics, especially the global average temperature control goal proposed by the
Paris Agreement in 2015 and the consensus reached by all nations on the basis of the target
of Net zero emissions by the second half of this century [22]. The new goal also brings
an evolution in the research direction and research results and therefore, it is required to
carry out a more expansive analysis of the development status and emerging trends in this
field. Through this study, we hope to reveal the characteristics and trends of research on
low-carbon development of energy production from the following perspectives:

• Is research on low-carbon still growing? (Based on the number of published articles);
• Who are the influential contributors to the field? (With regard to countries, journals,

and authors);
• What are the hot spots and research frontiers of power system decarbonization

research?
• What is the knowledge clustering of low-carbon energy production research based on

keyword co-occurrence?
• What are the implications for the development of global low-carbon power?

2.2. H-Index and SJR Factors

H-index and SCImago Journal Rank (SJR) factors were used to describe the output
performance of authors, countries/institutions, and journals related to decarbonization of
energy production. The H-index means an evaluation index which considers the quantity
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and the quality of published literature; it is a valuable instrument for comparing the
influence of different authors in specific fields. However, the H-index can simply gauge the
influence of individuals and evaluate the influence of organizations and nations [23]. We
measure the influence of journals and institutions using the SJR indicator. This index was
devised by the SCImago research group and uses the Google algorithm PageRank to index
Elsevier’s Scopus database to evaluate scientific publications. This solution has several
advantages, compared with the impact factor (IF) tool in the Journal Citation Report (JCR):

• The quality of the citation is considered using the PageRank algorithm; that is, each
citation is weighted according to the reputation of the citation journal;

• The coverage of the Scopus database is wider than that of the JCR [24].

It should be noted that the H-index and SJR factors used in this study to evaluate the
relative importance of countries, research institutions, and journals are based on the latest
data released by Scimago Lab in 2019.

2.3. CiteSpace

This study also used CiteSpace software, developed by Chaomei Chen, for scientific
metrological analysis and the visual processing of literature data. CiteSpace can effectively
map knowledge by analyzing the structure and time of various social networks of scientific
publications, including national collaboration network, author co-citation network, and
keyword co-occurrence network. The relevant literature provides more information on
how to use the CiteSpace software to conduct scientometrics in the research field [25].

2.4. Data Sources

We collected data from Elsevier’s Scopus database. Scopus was started in 2004 and,
compared with Clarivate Analytics’ Web of Science database, it offers a much broader
range [24], currently covering approximately 34,000 scientific publications from around
7000 publishers. Therefore, more extensive bibliometrics and historical trend analyses can
be performed. Scopus also adopts a more rigorous expert review system and an improved
H-index measure, based on authors; therefore, the inclusion of research results is more
representative of the discipline.

Before effective data retrieval, we determine the research boundaries to obtain citation
data more effectively. The target of the current study is to explore the contribution of the
global academic community to research on decreasing carbon emissions in power systems
(especially in the electricity production sector); therefore, we limit the research sector to
power systems or energy systems. At present, the key words in the field of low-carbon
emission of power systems mainly focus on “Low Carbon Development” (LCD) and “Low
Carbon Transition” (LCT). We should mention that there is no clear academic definition of
LCD and LCT in the research field, and they are often substituted for each other in academic
literature and policy documents. By reviewing the relevant literature, we discover that
most of the statements about LCD focus on integrating carbon reduction strategies into
the current economic development path [26,27], Urban and Nordensvar [28] define it as a
development model that is driven towards growth by methods aimed at reducing carbon
emissions (e.g., shift to RE and promote carbon sink). LCT, however, incorporates the
concept of low-carbon into a more systematic and long-term concept. Geels et al. [29]
describe it as a major change in the energy system from fossil fuel use to RE replacement,
involving technological change, social consensus, and mechanism innovation. Typically,
it is used to check for transitions in specific sectors, such as power and heat [30]. To
obtain more comprehensive citation data, we only select “low-carbon” or “low carbon”
as keywords for retrieval to maximize the retrieval scope. More and more countries have
started to announce its carbon neutral status, and research has started paying special
attention to the increasing number of countries with carbon neutral goal setting and the
demand for low carbon transformation and opportunities; however, it seldom appears in
existing studies. To include this subject in our study on LCD trends, we included “carbon
neutral” and “carbon emission” in the search terms. Finally, the retrieval policy was set to:
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TITLE-ABS-KEY ([“low carbon” OR “low-carbon” OR “Carbon neutral” OR “Carbon emission”]
AND [“energy system” OR “power system” OR “electricity” OR “Electric power”]).

On 1 May 2021, 6426 initial literature records were extracted from the online library
of Pukyong National University, South Korea. The retrieval data were further screened
and the literature type was limited to “Article-ar,” the publication source type was lim-
ited to “SRCTYPE-j,” the category was limited to Energy and Environmental Sciences
“SUBJAREA-ENER, ENVI,” and literature that was not relevant to the research topic was
manually deleted after reading the title and abstract. In the end, 1431 documents were
obtained, covering the period 1983–2021. The complete records and metadata referenced
were downloaded and imported into CiteSpace for data cleansing and analysis. After
reprocessing by CiteSpace software, 1419 valid literature records were finally obtained.
The overall research framework is shown in Figure 1.
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3. Results and Discussion
3.1. Literature Quantity Analysis

The number of publications in the current study area has generally expanded during
the past 33 years. However, after the enactment of the Paris Agreement in 2015, the number
of papers published in this research field has increased tremendously, with 205 published
in the first four months of 2021 alone; moreover, the number of publications for the entire
year is likely to reach an all-time high. Such trend mirrors the increasing attention in the
subject on a global scale. The number of publications on the subject, from 1983 to 2021, can
be seen in Figure 2.

3.2. Analysis of Country, Cited Journal, and Author

To illustrate the research status quo of low carbon transformation in energy systems,
this section presents a visualization based on CiteSpace and the total lead relationships, the
development procedure, and the composition of scientific knowledge in the field. Using
these inputs, we identify countries with the greatest influence and forefront achievement
in this field, as well as journals and authors who set out to acquire scientific knowledge of
the different elements involved in the research area.
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3.2.1. Country Productivity

Table 1 lists the publications of the top 10 research-producing countries and lists the
H-index of the Environmental Science and Energy category, respectively, according to the
main distribution fields of low-carbon energy production literature. The graph network
in Figure 3 is used to describe the academic productivity and influence of countries or
regions. In the network graph, Citation tree-rings are used to describe the citation history
of the node, with the different colors of tree-rings representing the citation times and the
thickness of the rings indicating the number of citations of the node. The thickness of
the citation tree-ring has a positive relationship with the number of citations in the node.
Betweenness centrality is an important indicator that shows boundary-spanning potentials
and novel brokerage connections among scholarly publications in CiteSpace [24]. Nodes
with higher betweenness centrality are shown as purple rings. The thickness of the purple
rings shows the value of betweenness centrality, which is used to describe the importance
or influence of this node on other nodes in the network.

Table 1. Top 10 productive countries for the period 1983–2021.

Country TC First Year
Betweenness

Centrality

H-Index

Environmental
Science Energy

CHINA 1054 1991 0.09 368 333
UNITED STATES 989 1983 0.9 691 454

UNITED KINGDOM 733 1992 0.03 480 291
GERMANY 508 1997 0.19 404 266

THE NETHERLANDS 279 1991 0 367 214
AUSTRALIA 264 2003 0.01 367 241

ITALY 262 1996 0.1 298 204
JAPAN 260 2002 0.01 280 261

AUSTRIA 259 1991 0.06 229 130
CANADA 251 2001 0.05 381 278
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From 1983 to 2021, a total of 1419 papers from 77 countries have contributed to the
research area of low-carbon energy systems. The ten most active countries or regions
were China, the United States, the United Kingdom, Germany, the Netherlands, Australia,
Italy, Austria, Japan, and Canada. Regarding the start of research in this area, the United
States was the first to conduct research on this subject (1983), with China, Austria, and the
Netherlands starting to conduct research regarding CO2 discharges from power systems in
1991. From the perspective of intermediary centrality, the United States (0.9) and Germany
(0.19) have a strong influence in this research field and have established close international
relationships with other countries.

Considering the total number of publications, China and the United States are the
two most productive countries. The reason for this is that in 2006, China first published
the government work target of energy conservation and discharge mitigation in its 11th
Five-Year Plan. Since then, China’s academic productivity in this field has been increasing.
Of the total of 202 scientific publications in 2020, China contributed 90 publications. Among
them, the number of international cooperative publications and independent publications
accounted for 50%. As the biggest developed country in the world, the United States
is facing great pressure to reduce carbon emissions. Europe has been a strong advocate
of reducing carbon emissions, accounting for 50% of the top 10 productive countries.
Moreover, European countries generally started their research on carbon emission reduction
earlier and their robust scientific research strength is not only reflected in their productivity,
but also in their academic influence. As can be seen in Figure 3, European countries occupy
a relatively central position in the network map and have been part of extensive academic
cooperation with other countries.

We also noticed that, with developing countries’ increasing concern about climate
change adaptation and environmental protection, there are positive changes in the number
of publications. For example, there are ten developing countries in the top 30 productive
countries list. As can be seen in Figure 3, except for China and India, developing countries
such as Pakistan, Thailand, Indonesia, Iran, and Malaysia are also gradually starting to
contribute to their research strength in this field through international cooperation. To
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some degree, the distribution of publications in this field mirrors the general situation of
different countries in academia [21].

3.2.2. Author Productivity

There are 5313 authors who have contributed to the research on low-carbon energy
production. We focused more on the top ten authors—those with the highest productivity,
as shown in Table 2—by starting time of research in this field. The H-index helps us to
discover the academic influence and research topic distribution of the most productive
authors.

Table 2. Ten most productive authors, 1983–2021.

Author Institution Country TC H-Index First Year

Lin, Boqiang Xiamen University China 13 62 2014

Kang, Chongqing Tsinghua University China 10 55 2009

Wei, Yiming Beijing Institute of Technology China 9 62 2009

Yuan, Jiahai North China Electric Power
University China 9 27 2011

Van Vuuren, Detlef
P.

PBL Netherlands Environmental
Assessment Agency

The
Netherlands 8 85 2003

Ang, Beng Wah National University of Singapore Singapore 8 66 2002

Sovacool, Benjamin
K. Aarhus Universitet Denmark 8 64 2015

Luderer, Gunnar Leibniz-Gemeinschaft Germany 8 47 2011

Chen, Wenying Tsinghua University China 8 22 2013

Masui, Toshihiko National Institute of
Environmental Studies of Japan Japan 7 42 2012

Of the top ten authors with the highest productivity, five are from China. This result
is related to the selection of research fields in this study. In China, 70% of the power supply
structure is thermal power generation and high fossil energy consumption produces a
large volume of CO2 emissions. The development of China’s power system during the
next decade will therefore be critical to its goal of peaking by 2030 and being carbon
neutral by 2060 or earlier [3]. How to build an energy structure dominated by RE, as
well as the resulting energy efficiency, energy storage efficiency, and policy selection of
carbon market trading are research directions that Chinese scholars have been focusing on
recently [31–34]. China’s research output is excellent in terms of national productivity and
author productivity; however, its impact on global research trends is more limited, due to
its high output and low citation rates.

Authors and studies with high citation frequency are often important nodes of research
topics and research frontiers in this field. This study explored the top ten most highly
cited authors and papers; these are presented in Table 3. Ang and Su [35] started a study
on carbon emissions in 2002. Their main research focuses on the Energy Intensity and
Logarithmic Mean Divisia Index (LMDI). They employed the LMDI approach to explore
the total carbon intensity (ACI) change in terms of energy production in the world. It is
noted that the progress of thermal efficiency in energy production plays a leading role
in the primary impetus for ACI reduction. Their research topics also include structural
decomposition analysis (SDA). For example, the index decomposition analysis (IDA) and
SDA methods are utilized to evaluate the driving components of energy use and emissions
in economic activities [36].
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Table 3. Top 15 most influential journals, 1983–2021.

Journal NP 1 CCP 2 NP/CCP SJR 3 H-Index 4 Country Publication

Nature Energy 9 763 84.77 19.635 92 United States Springer Nature

Energy and
Environmental Science 5 318 63.6 13.024 311 United Kingdom Royal Society of

Chemistry

International Journal of
Hydrogen Energy 11 609 55.36 1.141 202 United Kingdom Elsevier Ltd.

Applied Energy 166 6824 41.11 3.607 189 United Kingdom Elsevier BV

Energy Policy 342 13,236 38.7 2.168 197 United Kingdom Elsevier BV

Renewable Energy 33 1124 34.06 2.052 174 United Kingdom Elsevier BV

Environmental Science
and Technology 16 486 30.37 2.704 373 United States American

Chemical Society

Energy Economics 64 1827 28.55 2.409 136 The Netherlands Elsevier

IEEE Transactions on
Power Systems 10 254 25.4 3.434 242 United States

Institute of
Electrical and

Electronics
Engineers

Energy 145 2456 22.33 2.166 173 United Kingdom Elsevier Ltd.

International Journal of
Greenhouse Gas Control 20 426 21.3 1.131 107 Netherlands Elsevier

Journal of Cleaner
Production 79 1296 16.4 1.886 173 Netherlands Elsevier Ltd.

Science of the Total
Environment 21 283 13.47 1.661 224 Netherlands Elsevier

Renewable and
Sustainable Energy

Reviews
21 254 12.09 3.632 258 Netherlands Elsevier Ltd.

Energies 37 286 7.72 0.635 78 Switzerland MDPI
1 NP is number of publications per journal. 2 CCP is citations per publication. 3 SJR is SCImago Journal Rank (SJR) indicator and data
source is https://www.scimagojr.com/index.php (accessed on 5 May 2021). 4 H-index source is https://www.scimagojr.com/index.php
(accessed on 5 May 2021).

Van Vuuren, as an influential author (H-Index: 85), started studying carbon emissions
in 2003. In recent years, their main research direction has been focused on the Integrated
Assessment Model. In terms of climate policy and the global temperature increase, 81 rele-
vant studies have contributed to the scenario analysis of climate change and the cost model
of CO2 emissions [37,38].

Several other high-productivity scholars have also focused on comprehensive cli-
mate change assessment models, energy efficiency, energy transition, and other aspects
of their research, from macro to micro perspectives. In terms of energy efficiency and
energy planning, energy efficiency and strict early cuts become significant to maintain
the probability of restricting global warming to below 1.5 ◦C by 2100 [39]. Moreover, in
Ren and Sovacool’s [40] work, an Analytic Hierarchy Process was used to evaluate several
low-carbon energy sources with regard to the energy security; the conclusion was that
hydroelectricity energy were the most likely low-carbon alternative to increase China’s
energy safe measures. Toshihiko employed a computable general equilibrium model to
study the impact, cost, and common benefits of the low-carbon strategy of the power
industry in China, on its energy and CO2 discharge goals in 2020 [41].

https://www.scimagojr.com/index.php
https://www.scimagojr.com/index.php
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3.2.3. Distribution of Journals

The statistical results of the journal sources show that the 1419 articles on low-carbon
energy production research were published in 143 journals. Table 3 specifies the top 15
peer-reviewed journals by journal impact factor. In addition to considering the number of
publications, we also refer to SJR and the H-index for the ranking of the journal influence.
Some journals have a limited number of publications due to their late start; despite this,
they have become important influential journals in this field, due to their high-quality
publications and high citation rate. Examples are Nature Energy (2016) and Energy and
Environmental Science (2008). The total number of publications in the top 15 journals is 979,
accounting for 68.99% of the total number of publications. This indicates that publications
in low-carbon energy production research are concentrated in these top journals. Energy
Policy is the most productive journal with 342 publication records, followed by Applied
Energy (166) and Energy (145). According to the SJR metrics, Nature Energy (19.635) ranked
first, followed by Energy and Environmental Science (13.024). Other journals’ SJR values
were similar, indicating that all these journals are influential in terms of low-carbon energy
research.

The key journals in the research field can be screened macroscopically, based on the
statistical data and SJR indicators. At a micro level, the citation relationship between
documents is an interrelated and expanding system. Through CiteSpace, the citation
network of periodical publications in recent years (2015–2021) and the citation network of
periodical publications for the entire research period (1983–2021) are analyzed by Overlay
to determine the journal sources of recent research hotspots and interpret the core journals
from a different perspective. In Figure 4, the red line shows the source path of the citation
literature in the most recent year, the radius of the node is positively correlated with the
total number of citations in the most recent year, and the red circle in the node indicates
the sudden increase in the frequency of the node in the selected time series; this is used to
describe the surge in the number of journals cited. It is clear that Energy Policy and Energy
are the top two journals with the most citations from 2015 to 2021, while Nature Energy
publications are always cited with a low frequency, but with a strong burst, and with the
attention increasing continuously in recent years.

Energies 2021, 14, x FOR PEER REVIEW 10 of 20 
 

 

study the impact, cost, and common benefits of the low-carbon strategy of the power in-
dustry in China, on its energy and CO2 discharge goals in 2020 [41]. 

3.2.3. Distribution of Journals 
The statistical results of the journal sources show that the 1419 articles on low-carbon 

energy production research were published in 143 journals. Table 3 specifies the top 15 
peer-reviewed journals by journal impact factor. In addition to considering the number of 
publications, we also refer to SJR and the H-index for the ranking of the journal influence. 
Some journals have a limited number of publications due to their late start; despite this, 
they have become important influential journals in this field, due to their high-quality 
publications and high citation rate. Examples are Nature Energy (2016) and Energy and En-
vironmental Science (2008). The total number of publications in the top 15 journals is 979, 
accounting for 68.99% of the total number of publications. This indicates that publications 
in low-carbon energy production research are concentrated in these top journals. Energy 
Policy is the most productive journal with 342 publication records, followed by Applied 
Energy (166) and Energy (145). According to the SJR metrics, Nature Energy (19.635) ranked 
first, followed by Energy and Environmental Science (13.024). Other journals’ SJR values 
were similar, indicating that all these journals are influential in terms of low-carbon en-
ergy research. 

The key journals in the research field can be screened macroscopically, based on the 
statistical data and SJR indicators. At a micro level, the citation relationship between doc-
uments is an interrelated and expanding system. Through CiteSpace, the citation network 
of periodical publications in recent years (2015–2021) and the citation network of period-
ical publications for the entire research period (1983–2021) are analyzed by Overlay to 
determine the journal sources of recent research hotspots and interpret the core journals 
from a different perspective. In Figure 4, the red line shows the source path of the citation 
literature in the most recent year, the radius of the node is positively correlated with the 
total number of citations in the most recent year, and the red circle in the node indicates 
the sudden increase in the frequency of the node in the selected time series; this is used to 
describe the surge in the number of journals cited. It is clear that Energy Policy and Energy 
are the top two journals with the most citations from 2015 to 2021, while Nature Energy 
publications are always cited with a low frequency, but with a strong burst, and with the 
attention increasing continuously in recent years. 

 
Figure 4. 2015–2021 key cited journal network overlay map during 1983–2021. Figure 4. 2015–2021 key cited journal network overlay map during 1983–2021.



Energies 2021, 14, 4983 11 of 20

This finding is also in agreement with the data presented in Table 4. Nature Energy
was founded in 2016 and its SJR index surged to 19.635 in just five years, indicating that
the journal reflects a high level of publication quality.

Table 4. Top 10 highly cited papers based on co-citation analysis of references.

Cited
Frequency Author Cited reference Centrality Year

24 Ang, Beng Wah
Carbon emission intensity in

electricity production: A global
analysis

0.02 2016

24 Ang, Beng Wah LMDI decomposition approach: A
guide for implementation 0.01 2015

19 Lund, Peter D.
Review of energy system flexibility
measures to enable high levels of

variable renewable electricity
0.04 2015

17 Liu, Zhu
Reduced carbon emission estimates

from fossil fuel combustion and
cement production in China

0.02 2015

13 Brouwer, Anne
Sjoerd

Least-cost options for integrating
intermittent renewables in
low-carbon power systems

0.04 2016

13 Pfenninger,
Stefan

Long-term patterns of European PV
output using 30 years of validated
hourly reanalysis and satellite data

0.01 2016

12 Wang, H.
Assessing drivers of economy-wide

energy use and emissions: IDA
versus SDA

0 2017

11 Karmellos,
Marios

A decomposition analysis of the
driving factors of CO2 (Carbon

dioxide) emissions from the power
sector in European Union countries

0.02 2016

11 Staffell, Iain
Using bias-corrected reanalysis to
simulate current and future wind

power output
0.01 2016

10 Cheng, Rui
A multi-region optimization

planning model for China’s power
sector

0.02 2015

4. Research Hotspots and Trends
4.1. Knowledge Base

A co-citation analysis means an approach that measures the frequency of two articles
being cited simultaneously when considering the main papers in the database. When two
papers show a strong relationship, that is, if they are often cited together, they must also be
cited separately [42]. The co-citation analysis helps us to find innovative and high-quality
literature, which is also the knowledge base of this research field, and provides the most
valuable reference knowledge for researchers [43]. The top ten co-cited literature networks
generated in CiteSpace reflect the trend of the flow and evolution of the knowledge base in
this field (Table 4).

Wang et al. [44] and Ang [45] report the latest progress of IDA, SDA, and LMDI
decomposition models in studying the factors of energy consumption and changes in
energy emissions. These are widely used in energy and climate policy assessment and
development and have become widely accepted analytical tools for policy formulation
on national energy and environmental issues. This has also been used in the literature
of Ang and Su [35], who use LMDI decomposition models to explore the ACI change of
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total carbon intensity of electric power across the globe. Karmellos et al. [46] and Yang
and Lin [47] use LMDI to decompose the power industry indicators of Europe and China,
respectively, and obtain similar results: electric intensity, economic operation, and energy
efficiency are the principal elements of increased carbon discharges.

Liu et al. [48] adopts a method for calculating “apparent consumption” based on
the material balance of domestic fuel production, global trade, international fuel, and
inventory changes, distinguishes the different emission elements of imported fuel and
domestic fuel according to the coal source, and reassesses China’s carbon emissions. Their
study provides a new way of accurately estimating emissions by countries or regions and
production departments.

Lund et al. [49] investigated flexible measures to ensure the stability of the energy
system; they point out that many types of RE with variable characteristics connected to the
power system may lead to a lag in response to power system load changes, resulting in
potential system security risks. In general, there is a wide range of options for flexibility
measures in power systems. Among them, demand side management realizes peak cutting,
valley filling, and load transfer within the power system by affecting the terminal energy
consumption mode and energy consumption time. Further, power grid auxiliary services
provided through energy storage technology also increase the elasticity of the power system
to some extent; however, an adverse cost impact on energy storage due to price perversion
(grid costs and shortage of price transparency) should be avoided [50–53].

Pfenninger and Staffell [54] introduce a new method to simulate the operation of
photovoltaic power generation, according to meteorological reanalysis and satellite mea-
surement data. Their work is very important in terms of improved understanding of
the impact of intermittent RE—such as photovoltaics and wind energy—on the grid and
determining technical and economic strategies such as energy storage capacity. Staffell and
Pfenninger [55] use this method to simulate the efficiency of wind energy output, pointing
out that “national correction factors” should be introduced according to different spatial
locations.

From the perspective of the lowest cost choice, Brouwer et al. [56] simulate the integra-
tion cost of RE with different permeability in the power system, although there are many
research limitations. Cheng et al. [57] propose a regional optimization model considering
the regional differences of resource availability and inter-regional transmission line capacity
to support the investment decisions of China’s power sector.

The co-citation analysis results show that CiteSpace software was used to divide the
relevant works into five clusters to show the low-carbon energy production research field’s
segmentation in detail, as shown in Figure 5. Cluster analyses are often used to identify
and analyze the classification of significant terms and backgrounds in specific research
areas and to conduct exploratory data mining on research topics. Co-citation analyses of
literature can help researchers to immediately obtain the most valuable references, while
a cluster analysis provides them with valuable research specifications, as the content of
the publications in the same cluster are alike. Documents with the same characteristics are
clustered by extracting the keyword tags from the literature, and the relationship between
the documents is proved [43].

The #0 cluster, labeled “Electricity Generation” is the largest and contains 103 publi-
cations. This cluster describes the general situation of low-carbon electricity production.
Decreasing CO2 emissions in the power section is a fundamental component of any low-
carbon energy transition strategy [58]. Intense decarbonization of the power section will
be achieved through high diffusion of RE resources (e.g., wind, photovoltaics, and hy-
dropower) [9]. However, it is necessary to contemplate the increase in environmental
impacts and economic indicators of the power sector as well as social costs [59,60]. Some
studies have shown that, to reduce CO2 emissions in power systems, two mitigation
schemes need to be considered at the same time: (1) intermittent RE sources and an energy
storage technology cooperation scheme, and (2) increasing the CCS capacity of thermal
power plants. These measures will help to reduce the increase in social costs caused by



Energies 2021, 14, 4983 13 of 20

the implementation of emission reduction targets [56,61,62]. At the same time, we should
also be aware that a delay of decarbonization action in the power system will lead to a
significant increase in decarbonization cost [63].
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The subject “much electrical energy storage,” #1 in cluster analysis, covers energy
storage literature related to low-carbon power flexibility. Power systems with high RE
permeability need proportional energy storage capacity to meet system flexibility, which
is the capability to balance residual load [64]. When configuring energy storage capacity
for high-permeability RE generation systems, three main challenges need to be addressed:
(a) intermittent energy supply, (b) site specificity (or spatial variability), and (c) prediction
errors of RE generation.

Considering the requirement of reliability of any power system and the costs and ben-
efits of optional energy storage technology [65,66], the demand matching of RE generation
capacity to energy storage capacity for RE simulation operation has emerged as a new hot
spot [67]. It should also be recognized that the energy storage device plays a positive role
in ensuring the reliability of the power grid and the economic operation of low-carbon
generator sets. Establishing a reasonable price compensation mechanism for the auxiliary
service provided by the energy storage device will moderate the negative impact on the
investment decisions of the energy storage device [68,69].

The #2 cluster collates the literature on “CO2 emission” of energy systems. This cluster
represents the driving elements of energy-related carbon emission for the national and
regional development of low-carbon energy policies. Idly used evaluation methods are
LMDI (log-average Divisia index) [35,70,71].

Cluster #3 focuses on the “multi-scope electricity-related carbon emissions account-
ing” to examine economic growth and the relation between energy consumption and
CO2 discharges. The IPCC emission accounting method—the network method of simulat-
ing cross-regional current and the input–output model of environmental expansion—is
adopted for the regional accounting of electricity-related carbon emissions [72]. Through
the Kaya-LMDI method, the driving force of carbon emissions generated by energy con-
sumption in China is analyzed. In China, economic activities represent the biggest impetus
for the increase in CO2 discharges [71]. Therefore, optimizing the energy structure system,
especially increasing the penetration of RE, is conducive to the realization of discharge
decrease targets in the power sector.
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The representative papers in cluster #4, “Energy system,” are Mavromatidis et al. [73]
and Gabrielli et al. [74]. Based on end-use energy demand, they studied the optimum plan
of distributed energy systems and multi-energy systems with seasonal storage, respectively.

4.2. Research Hotspots

The key words of the 1419 papers were extracted and a clustering network of keywords,
according to their occurrence frequency, was visualized using the CiteSpace timeline. The
clustering network showed the clustering from left to right along a horizontal timeline
(Figure 6). The modularity of this network is 0.6944 and the mean silhouettes are 0.8924.
This indicates that the research direction of low-carbon power systems is clearly defined,
according to the agglomeration cluster. The index words extracted from the keywords are
the cluster names marked by the LLR algorithm and arranged vertically in descending size
order. The curve represents the association links among the clusters. Seven main clusters
were generated in the hybrid network. The timeline overview shows that the duration of
the research hotspot varies from one cluster to another, which represents the evolution of
the research topic.
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Ranking the keywords with the highest frequency in clustering, the following research
hotspots were obtained:

• (#0) Climate change. In this cluster, electricity, climate change, and cost are the three
keywords with the highest frequency of occurrence, among which the research topic
of electricity appears the earliest. With the deepening of the research, the relationship
between power system and climate change gradually begins to increase;

• (#1) China. As a major carbon emitter, the Chinese government recently announced
to the world its ambition to achieve a double carbon goal. Currently, 70% of China’s
electricity is supplied by thermal power units, which are highly dependent on fossil
fuels and a major source of CO2 emissions. Implementing CCS technology is one
overall consideration of energy supply security and CO2 emission reduction targets.
The phasing out of thermal power units will be completed gradually and the share
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of RE in the energy supply structure will be increased. There is also a real need for
China to establish a sustainable energy supply system [3,12];

• (#2) Energy policy. As different countries pay more and more attention to the en-
vironmental impact of CO2 emissions from fossil fuel combustion, RE has become
the most promising alternative energy [13], and the transition to sustainable energy
systems is a thorny issue for many governments. Effective environmental policies, or a
combination of policies and strategies, can contribute to a country’s energy transition.
Concerns about energy policy will persist as targets are set for a worldwide shift to
low-carbon electricity based on renewables;

• (#3) Energy conservation. According to the LLR algorithm, the # 3 cluster is named
“article” according to the LLR score. In order to avoid ambiguity in readers’ un-
derstanding of the meaning of the cluster name, we take the “energy conservation”
under the cluster LLR score second only to “article” as the cluster name. #3 clustering
describes the research hotspots in energy consumption and energy use efficiency.
The coupling analysis of carbon emissions, economic growth, and energy consump-
tion shows that they have a common growth trend. Those governments that need
to address economic growth and reduce carbon emissions simultaneously need to
concentrate on advancing energy utilization efficiency, implementing demand man-
agement, and minimizing carbon emissions in the process of energy use [75]. Like
carbon emissions accounting, a carbon footprint is also employed to gauge the effect
of human efforts on climate change. Quantitative analyses based on a carbon footprint
not only explore the concentration and intensity of carbon emissions, but also provide
a basis for the adoption of control measures and environmental supervision [76];

• (#4, #6) RE resource. We merged the #4 and #6 clusters, which together describe the
topic of RE resource. There is no doubt that the research area of low-carbon energy
production is focusing more and more on the utilization of RE. Many countries and
regions have set the target of RE with high permeability within the power structure in
future. However, due to the consideration of energy supply security and the economy
of power supply, further research is still needed on this topic;

• (#5) Emission trading. Under this clustering topic, the highest frequency keyword is
“commerce.” Research on the relationship between trade and environmental pollution
points out that there is a positive or negative causal relationship between the growth
of trade volume and environmental pollution, depending on whether the goods
produced by the country belong to the energy-intensive production sector [77]. The
carbon emissions trading system, as a policy measure to control CO2 emissions,
is of great significance for those production departments that cannot fully achieve
low-carbon operation. With the help of the design of the trading mechanism of the
carbon market, we can achieve a cross-regional and cross-departmental ecological
compensation coordination mechanism, a total quota trading mechanism, and use
price means (carbon price) to guide the industrial production sector to carry out
technological change and energy structure optimization [78].

5. Conclusions

This study used CiteSpace to perform a bibliometric analysis of developments in
the research area of low-carbon energy production, based on 1419 articles retrieved from
Scopus. Based on our analysis, some useful conclusions can be drawn: During the past
33 years, 1419 journal articles related to low-carbon energy production have been published.
In 2021, 205 papers were published from January to April alone, indicating the increasing
importance attached to this area of research. China and the United States are the two
largest contributors to national publications, with China taking the lead in the number
of publications; however, the United States leads in terms of academic influence. The
growing interest of developing countries in adapting to climate change and environmental
protection is reflected in the number of publications, with ten developing countries in the
top 30 countries in terms of national productivity. Among the top 10 most productive
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authors in only this research field, five are from China. China’s research output is excellent
in terms of national productivity and author productivity, but its impact on global research
trends is more limited due to its high output and low citation rates.

According to the statistical results of journal sources, 1419 articles on low-carbon
energy production research were published in 143 journals. The top 15 most influential
journals were evaluated in terms of productivity efficiency and SJR indicators. A total
of 979 articles have been published in these journals, accounting for 68.99% of the total
number of articles in 143 journals. This indicates that publications in the field of low-
carbon energy production are concentrated in these top journals. Energy Policy is the most
productive journal, with 342 publication records. According to the SJR indicator, which
reflects the impact of journals, Nature Energy tops the list with 19.635, all of which are at the
heart of research that has a significant impact on low-carbon energy production research.

In accordance with the research hotspots, we found that the topic of “RE resource”
is the main direction that scholars focus on in this field, and the optimal layout of power
storage capacity to meet the flexibility of power system is also a prevalent direction. In
addition, the energy policy effects related to the development of low-carbon power also
have key effects on the low-carbon power system and the evaluation of the mechanism
of environmental policies or a combination of policies and strategies will contribute to
the energy transformation of the country. In recent years, as countries around the world
set their own Net zero emission targets to control the total amount of GHG emissions.
However, when carrying out the transformation of low-carbon energy, countries should,
based on the concept of sustainable development, consider the development model of
low-carbon power from the three aspects of economy, environmental protection and safety,
and strengthen the linkage between the supply and the demand side.

This article reviews the progress and trends of global low-carbon energy research
with the help of scientific bibliometric methods, however, there are some limitations of
this research. First, the analysis data in this article comes from the Scopus database, which
may lead to incomplete literature data. Thus, it is suggested that future research should
discuss other platform databases, such as Web of Science and Google Scholar; secondly,
comprehensive retrieval and data selection has always been the focus of the literature
metrology method. However, the research on low-carbon energy systems involves interdis-
ciplinary research on energy and environment, economics, sociology, and other disciplines.
Although we have checked the relevant literature in advance to cover all the subject terms
related to low-carbon energy as much as possible. However, omissions are inevitable in the
literature search process. Finally, when using CiteSpace software, the findings may be a bit
of different because of the choice of standardized approaches and parameter settings. In
general, the research results of this article are objective, and offer more viewpoints for a
complete grasp of the development of low-carbon power research.

The diversification and low-carbon development of energy resources is an irreversible
trend. To accomplish the strategic goal of limiting global climate warming to 1.5 ◦C, at least
70–85% of the global electricity supply in 2050 will be provided by renewable energy [1].
However, in order to realize the energy transformation based on renewable energy in
emerging economies, more attention should be paid to the carbon emission control of
the household sector. According to the previous literature research, it is found that the
carbon emission control of the power supply sector can be achieved by increasing the
investment in renewable energy facilities. The household sector, as the largest energy
consumption sector, the realization of low-carbon transition often involves more complex
factors. Previous studies have mostly analyzed the influencing factors of the household
sector in developed economies. However, there is still a relative lack of research on the
influencing factors of consumer acceptance of renewable energy in emerging economies,
so it is necessary to conduct specific research in this area in the future. It is especially
necessary for a country like China, which implements electricity market regulation and
has great differences in resource endowments. To establish a reasonable price guidance
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mechanism, policy guarantee mechanism and improve the efficiency of renewable energy
will be one of the main directions of future research.
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